Introduction
The major function of the epidermis is to form a protective layer, the stratum corneum, which prevents the excessive loss of bodily fluids (1) . Lipids account for only a small percentage oftotal stratum corneum weight, but are crucial for the permeability barrier (2, 3) . The epidermis is a very active site of both sterol and fatty acid synthesis, with most of the lipids that account for the cutaneous barrier synthesized in the epidermis itself rather than deriving from extracutaneous sites (4) (5) (6) (7) (8) .
Epidermal sterol synthesis appears to be relatively autonomous from systemic influences (5, 9) , presumably due to the paucity of lipoprotein receptors on the membranes of these cells (10) (11) (12) (13) . In contrast, studies have shown that perturbations in permeability barrier function greatly influence epidermal lipid synthesis (14) (15) (16) . When the cutaneous permeability barrier is disrupted by topical treatment with either solvents or detergents, a marked stimulation of both epidermal sterol and fatty acid synthesis occurs, which returns to normal in parallel with barrier recovery (14, 15) . Moreover, essential fatty aciddeficient mice, which exhibit a dietarily induced disturbance in barrier function, also display increased epidermal lipid synthesis (16) . Furthermore, when the defect in barrier function, in all three models, is artifically corrected by occlusion with a water vapor-impermeable membrane, no increase in epidermal sterol and fatty acid synthesis is observed (14) (15) (16) ). In contrast, occlusion with water vapor-permeable membranes did not prevent the expected increase in epidermal lipid synthesis (17) . These observations suggest that water flux through the epidermis may be a crucial factor in the regulation of epidermal lipid synthesis.
That this regulation of epidermal lipid synthesis by barrier function has physiological implications has been demonstrated. Topical solvent treatment results in the removal of stratum corneum lipids, which leads to a marked increase in transepidermal water loss (14, 15, 17) . Over 24 to 48 h, the lipid content of the stratum corneum returns to control levels, and in association with the return of stratum corneum lipids, barrier function returns to normal ( 17) . If, after disrupting the barrier, animals are covered with a water-impermeable mem- brane that restores barrier function and prevents the increase in epidermal lipid synthesis, the return of stratum corneum lipids is prevented (17) . Additionally, the disturbance in barrier function remains equal to or greater than that observed immediately after acetone treatment. In contrast, when acetone-treated animals are covered with a water vapor-permeable membrane, which does not prevent the usual increase in epidermal lipid synthesis, both stratum corneum lipid content and barrier function return towards normal (17) . These observations suggest that the stimulation of epidermal lipid synthesis after barrier perturbation plays an important role in both the restoration of stratum corneum lipid content and the recovery of barrier function.
The above studies point to a central role for cutaneous lipid synthesis. The aim of this study was to determine the specific role of cutaneous cholesterol synthesis in the recovery of barrier structure and function after disruption ofthe permeability barrier with solvent treatment. In these experiments, we have specifically determined the effect on barrier function of inhibiting cutaneous cholesterol synthesis by the topical administration oflovastatin, a drug that competitively inhibits HMG CoA reductase, the rate limiting enzyme in cholesterol synthesis (18) .
Methods Materials
Hairless male mice (hr/hr) 8-10 wk old were purchased from Jackson Laboratories (Bar Harbor, ME). They were fed Simonsen mouse diet (Gilroy, CA) and water ad lib. The age ranged between 10 to 12 wk at 
Experimental procedures
Solvent treatment and water loss measurements. To acutely perturb barrier function, the flanks of hairless mice were gently treated with acetone-soaked cotton balls as described in previous publications (14, 15, 17) . Acetone treatment does not result in visible or microscopic damage to the stratum corneum. After acetone treatment, one flank (-2 cm2) was treated topically with 30 Ml of a polypropylene glycol/ ethanol solution (7:3 vol) containing 25 mg oflovastatin per milliliter, while the other flank was treated with vehicle alone and served as a control. In some experiments the polypropylene glycol/ethanol solution contained either mevalonate (25 mg/ml) or cholesterol (25 mg/ml) in addition to lovastatin. Immediately after acetone treatment, transepidermal water loss (TEWL)' was measured using a Meeco electrolytic analyzer, as described in previous publications (14) (15) (16) (17) . Animals with TEWL rates between 250 and 900 ppm/0.5 cm2 per h (< 20 ppm/0.5 cm2 per h is normal) were included in the study. Immediately after the measurement of TEWL, animals were treated topically with either the vehicle, lovastatin, lovastatin plus mevalonate, or lovastatin plus cholesterol and the TEWL loss was measured at hourly intervals thereafter. Histochemical staining. Nile red, a fluorescent probe for lipids, was used to demonstrate the distribution and content of lipid in the stratum corneum as described previously (17) . Filipin is a macrolide, antifungal antibiotic that forms a one to one stoichiometric complex with free 3B-OH sterols, and has proven to be a useful probe for cholesterol-enriched structures (19) . An aqueous solution containing 1. Abbreviations used in this paper: SC, stratum corneum; SG, stratum granulosum; TEWL, transepidermal water loss.
150 MM filipin was applied to fresh frozen sections, and the cholesterol-enriched sites in the epidermis were detected by fluorescence microscopy at 400 nm excitation and 500 nm emission frequency (20) .
Electron microscopy. At various time points after acetone disruption of the barrier skin biopsies were taken for electron microscopy. The samples were minced to 0.5 mm and fixed in half-strength Karnovsky's fixative overnight, washed in cacodylate buffer, and postfixed in 1% osmium tetroxide-containing 1.5% potassium ferrocyanide. After fixation, samples were dehydrated in graded ethanol solutions and embedded in an Epon-epoxy mixture (20) . 600-800-nm sections were double strained with uranyl acetate and lead citrate and examined in an electron microscope (model 1OA; Carl Zeiss, Inc., Thornwood, NY) operated at 60 kV.
Lipid analysis ofstratum corneum. Stratum corneum sheets were obtained from hairless mice by tape stripping of a specified area as described previously (21) . The stratum corneum, which adhered to the tape, was then emersed in water for 1 h to separate the plastic backing from the gum and stratum corneum. The stratum corneum lipids were extracted by the method of Bligh and Dyer (22) , dried, and suspended in chloroform for thin layer chromatography. The entire lipid extract and standards were applied to precleaned TLC plates and fractionated in a neutral lipid (petroleum ether/diethyl ether/glacial acetic acid, 80:20:1 vol) solvent system. The major species were identified under ultraviolet-A (UV-A) fluorescence after spraying with 0.25% aqueous 8-anilino-1-naphthalene sulfonic acid, scraped off the plates, and extracted with Bligh-Dyer solvents, and the cholesterol was quantitated spectrophotometrically by the method of Ham Lipid synthesis (in vitro studies). 1 and 3 h after topical treatment with either lovastatin or vehicle, full thickness skin samples were removed, the fat was scraped off, and the samples were weighed and placed dermis downward in 2 ml of a Krebs phosphate-buffered saline (pH 7.4) (calcium, magnesium free) containing 40 MCi of ['4C]acetate and 10 mM EDTA. The full thickness skin samples were incubated for I h at 37°C and then the epidermis was separated from the dermis. The epidermis and dermis from each example were then saponified individually in a solution of 45% KOH, water, and 70% ethanol (2:1:5) overnight at 42°C. After adding internal standards of tritiated cholesterol and tritiated oleic acid, the nonsaponifiable lipids were extracted with petroleum ether, dried, dissolved in chloroform, and then applied to TLC plates. The band corresponding to a standard of cholesterol was scraped from the plate and counted by liquid scintillation spectrometry. Fatty acids were extracted with petroleum ether after acidifi- Barrier function after acetone disruption. Hairless mice were treated topically with either saline alone (-A -) (n = 5), acetone alone (-A -) (n = 9), or acetone followed by vehicle (polypropylene glycol/ethanol, 7:3 vol) (-o-) (n = 7). TEWL was measured hourly as described in Methods. The data are expressed as mean±SE.
and dissolved in chloroform, and an aliquot was counted as described above. Calculations were corrected for their respected spillovers, background, and recovery of internal standards. Lipid synthesis (in vivo studies). The incorporation of tritiated water into cholesterol in the epidermis and dermis was determined as described previously (8, (14) (15) (16) .
The statistical significance was determined using the Student's t test.
Results
Lipid synthesis. TEWL was measured hourly as described in Methods. The data are presented as the percent recovery of TEWL and are expressed as mean±SE. n = 50 for lovastatin alone, n = 15 for lovastatin plus mevalonate. P < 0.001 for 1-, 2-, 3-, and 4-h time points; P < 0.01 for 5-and 6-h time points.
saline. Thus, topical lovastatin treatment inhibits cholesterol synthesis in both the epidermis and dermis.
Transepidermal water loss. As described previously, topical acetone disrupts barrier function and increases transepidermal water loss. This disruption is followed by a rapid recovery with transepidermal water loss rates decreasing by 65-80% over a 6-h period (Fig. 1) . This rapid recovery is not altered by vehicle treatment. As expected, animals treated topically with saline alone do not have a defect in barrier function.
The effect of topical lovastatin on recovery of barrier function after acetone treatment is shown in Fig. 2 . When acetone disruption of the barrier is followed by topical lovastatin, the recovery of barrier function is slowed and the percentage recovery is decreased significantly at all time points. At early time periods, lovastatin treatment results in a -50% inhibition in barrier recovery, whereas at later time points the inhibition is less. These results indicate that topical lovastatin, which inhibits cutaneous cholesterol synthesis, delays the recovery of barrier function after acetone treatment.
To determine whether the effects of lovastatin on barrier recovery are specifically due to an inhibition of HMG CoA reductase activity, we next compared the recovery of transepidermal water loss in lovastatin animals with animals simultaneously treated with lovastatin plus mevalonic acid, the immediate product of the reaction catalyzed by HMG CoA reductase. As shown in Fig. 3 , barrier recovery is restored to normal when lovastatin animals are simultaneously treated with mevalonate. This indicates that the lovastatin-induced delay in barrier recovery is due to inhibition of HMG CoA reductase activity. In addition to cholesterol, mevalonate can be converted to a number of other potentially important end products. Therefore, to determine whether inhibition of cholesterol synthesis by lovastatin is the mechanism that accounts for the delay in barrier recovery, we compared lovastatin animals with animals treated simultaneously with lovastatin plus cholesterol. As shown in Fig. 4 ; the rate of barrier recovery is normalized when lovastatin animals are treated simultaneously with topical cholesterol. This indicates that the lovastatin-induced delay in barrier recovery is due to an inhibition of cutaneous cholesterol synthesis. Histochemical staining. As described in detail in previous studies, immediately after acetone treatment there is an absence of nile red-stainable lipids in the stratum corneum (17) . Over time nile red staining reveals the return of bright yellow fluorescence in the stratum corneum, indicative of the return of neutral lipids. As shown in Table II , the pattern of recovery of nile red staining after acetone treatment is similar with or without lovastatin treatment. alone (c) were comoX * pared with animals whose barrier was disrupted with acetone and treated with lovastatin (-). Stratum corneum sheets were isolated 3 h after barrier disruption and the quantity of cholesterol determined as described in Methods. Data are expressed as percent recovery of cholesterol and presented as the mean±SE. n = 3 for both groups.
When normal skin sections are stained with filipin, a specific fluorescence probe for free 3-B-hydroxysterols (19) , the stratum corneum fluoresces green, indicative of enrichment in cholesterol (20) . Immediately after acetone treatment, filipin staining is virtually absent in the stratum corneum, indicating that acetone treatment removes substantial amounts of cholesterol from the stratum corneum. Over time the filipinstainable lipid returns to the stratum corneum at rates similar to those observed using nile red as the histochemical probe (Fig. 5, A and B) . However, when acetone-treated animals are treated topically with lovastatin, the return of filipin staining to the stratum corneum is slowed (Fig. 5 C, Table II ). These results indicate that after acetone extraction of stratum corneum lipids, restoration ofstratum corneum lipids occurs over time in controls. In contrast, the lovastatin-induced inhibition of cutaneous cholesterol synthesis results in a specific delay in the reaccumulation of histochemically stainable cholesterol in the stratum corneum without delaying the overall return of other neutral lipids.
Stratum corneum lipid analysis. To confirm the histochemical observations, we next compared the recovery of cholesterol in stratum corneum topically treated with acetone 3 h earlier and stratum corneum treated with acetone plus lovastatin. As illustrated in Fig. 6 , the return of cholesterol to the stratum corneum is markedly delayed in the lovastatin-treated animals. These results confirm the histochemical staining studies and further demonstrate that lovastatin inhibition of cutaneous cholesterol synthesis delays the return ofcholesterol to the stratum corneum. Figure 5 . Frozen sections of hairless mouse skin stained with filipin after acetone treatment. Whereas immediately after acetone treatment no fluorescence can be detected (not shown), by 3 (A) and 6 (B) h considerable reaccumulation of filipin-stainable free sterols has occurred (arrows). In contrast, in acetone plus lovastatin-treated animals (C), even after 6 h there is a substantial delay in the reaccumulation of cholesterol (arrow in C points to a comparable site in B; c.f. Table II) Ultrastructural studies. To ascertain the basis for the lovastatin effect on barrier recovery, we examined skin biopsies immediately after acetone treatment, and 1, 3, and 6 h after acetone or vehicle applications. As seen in Fig. 7 A, acetone rapidly depletes the cytosol of virtually all lamellar bodies. Simultaneously, only limited amounts of secreted lamellar body contents remain in the intercellular spaces between the lowermost cornified cells, presumably due to removal during the repeated acetone treatments required to abrogate the barrier, a process that requires 20-30 min. Thus, acetone treatment acutely induces massive exocytosis of lamellar bodies and depletes the intercellular spaces of most lamellar body-derived material.
By 1 h after acetone, numerous lamellar bodies have reappeared in the cytosol (Fig. 7 B) . Many of these structures display normal lamellations, and large numbers of these organelles appear to be secreted into intercellular spaces between the lowermost cornified cells, even by 1 h. Likewise, 3 and 6 h after acetone, large numbers of lamellar bodies are present in the cytosol (many with normal internal lamellations), and continue to be secreted into the intercellular spaces (Fig. 7 C; 6-h time point not shown).
Lovastatin-treated epidermis at 1, 3, and 6 h displays abundant lamellar bodies. However, both normal-appearing lamellar bodies and organelles lacking a normal internal structure are present (Fig. 7 D) . Moreover, their secretion also appears to be impaired; i.e., the intercellular spaces of the lower stratum corneum contain extensive regions with a virtual absence of lamellar material, and retained lamellar bodies are present in the cytosol ofcornified cells (Fig. 7, D and E; 6-h time point not shown). Thus, lovastatin treatment does not block the formation of nascent lamellar bodies, but such treatment induces abnormalities both in the internal structure of these organelles'and in the process of lamellar body secretion.
Discussion
This manuscript provides the first direct evidence that cutaneous cholesterol synthesis is required for the maintenance of permeability barrier structure and function. After disruption ofthe barrier with topical acetone, the normally rapid recovery of barrier function is impaired in animals treated topically with lovastatin, a specific competitive inhibitor of the enzyme HMG CoA reductase (18) . Topical lovastatin results in a marked decrease in cutaneous cholesterol synthesis, and the recovery of barrier function is inhibited initially by -50%. With time the lovastatin-induced decrease in cutaneous cholesterol synthesis diminishes, and the inhibition of barrier function recovery lessens such that by 6 h barrier recovery is reduced by -20%. That the delay in recovery ofbarrier function in lovastatin animals is due specifically to the stratum corneum of lovastatin animals is decreased. Thus, complementary data from both histochemical and biochemical studies demonstrate that lovastatin specifically delays the return of free sterols in the stratum corneum. Furthermore, these results provide strong evidence that sterols in the stratum correum play an important role in the permeability barrier, a conclusion that we had previously reached from extraction studies that demonstrated that the removal of nonpolar lipids, other than cholesterol and sphingolipids, from the stratum corneum result in only a modest perturbation of barrier function (25) .
The electron microscopic studies described in this manuscript suggest mechanisms by which inhibiting epidermal cholesterol synthesis could effect the lipid composition ofthe stratum corneum. The redeposition of barrier lipids in the intercellular spaces of the stratum corneum occurs via the exocytosis of lipid-rich contents of lamellar bodies (2, 3). Immediately after acetone treatment, the cytosol of stratum arrows). In 1 and 3 h acetone plus lovastatin-treated animals (D and E, respectively), numerous lamellar bodies appear in the SG. Although many of these organelles appear to possess a normal internal structure, others display an abnormal or empty internal structure (closed arrows). Moreover, less lamellar body-derived material appears to be secreted into the intercellular spaces than in controls (E, open arrows), and as a result extensive areas of the intercellular spares are devoid of lamellar material. Only in occasional foci can some lamellar material be detected (E, closed arrows). This process of impaired secretion is more evident at 3 h, where numerous residual lamellar bodies are evident in the cytosol of the lowermost cornified cells (E, closed arrows). A, X37,500; B, X3 1,250; C, X40,000; D, X48,000; E, X32,000. granulosum cells and the intercellular spaces of the stratum corneum are virtually devoid of lamellar body-derived lipids. Shortly thereafter, however, a large increase in the number of lamellar bodies and their secreted contents occurs and many of those organelles possess normal internal structure. These observations indicate that barrier disruption acutely provokes the exocytosis of preformed lamellar bodies. By 1 h after acetone disruption of the barrier, nascent lamellar bodies are observed both within the cytosol and in the extracellular spaces. This suggests that the synthesis of "new" lamellar bodies occurs rapidly after barrier disruption. In contrast, in acetone plus lovastatin animals at 1 h, many of the intracellular lamellar bodies appear abnormal in structure. As a result, the amount ofsecreted extracellular lamellar body contents is less than that observed with acetone alone. These observations suggest that lovastatin induces the formation and deposition of nascent lamellar bodies having an abnormal structure, most likely due to an abnormal lipid composition (i.e., decreased cholesterol content). In the acetone plus lovastatin animals, abnormal-appearing lamellar bodies are still seen in both intra-and extracellular locations, but most importantly, secretion appears to be partially impeded. These observations suggest that the altered distribution of lipids in the stratum corneum is due to both the secretion of lamellar bodies containing decreased quantities of cholesterol, and to impairment of the secretory process itself. At the present time it is impossible to definitively prove this hypothesis because techniques to isolate completely homogeneous fractions of pure lamellar bodies have not been developed. Although these results clearly point to the importance of cholesterol for the formation of mammalian permeability barrier, the exact mechanism whereby sterols maintain barrier function remains to be elucidated.
It is likely that both the abnormal appearance of lamellar bodies and the abnormal stratum corneum lipid composition result from lovastatin inhibition of de novo cutaneous cholesterol synthesis, which in turn leads to a deficiency of newly synthesized free sterols for packaging in lamellar bodies. This scheme assumes that, at least acutely, local cutaneous sterol synthesis contributes a significant portion of the sterols required for normal lamellar body formation. Previous studies have demonstrated that large quantities of sterols are synthesized in the skin (4) (5) (6) (7) (8) . Moreover, disruption of barrier function results in a rapid increase in epidermal sterol synthesis (14) (15) (16) (17) . Additionally, studies have demonstrated that the delivery of circulating sterols to the epidermis is limited and does not increase after barrier disruption (14) (15) (16) . In light of these observations, it is logical that inhibition of cutaneous sterol synthesis with topical lovastatin results in the formation of lamellar bodies deficient in sterols and a delay in the return of sterols to the stratum corneum with a resultant inhibition of barrier recovery after disruption ofthe barrier with acetone. Of course, it should be recognized, as noted above, that preformed lamellar bodies are rapidly secreted after barrier perturbation and may contribute to stratum corneum recovery (2, 3) . This may account for the relatively modest inhibition of barrier recovery observed in these studies. Additionally, cholesterol stored in other cellular sites, as well as the fact that cholesterol synthesis is not totally blocked by a single application of lovastatin, could provide cholesterol for lamellar body formation and thereby account for the modest levels of inhibition.
In summary, these studies provide the first direct evidence that de novo cutaneous sterol synthesis is required for the maintenance ofbarrier structure and function in the epidermis and suggests a crucial role for sterol synthesis in allowing for terrestrial existence.
